-3

Ao, V5

LBL-26690 %

Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA

Materials & Chemical

. s e s mp -
Sciences Division Y17 199
LTraa,
DOCUMEI\};S' SFE“EL;‘ION

Spectroscopy and Reaction Kinetics of HCO

Y. Guo
(Ph.D. Thesis)

January 1989

TWO-WEEK LOAN COPY

This is a Library Circulating -Copy
which may be borrowed for two weeks.

Prepared for the U.S. Department of Energy under Contract Number DE-AC03-76SF00098.

€2

Ob9ae =12



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



Spectroscopy and Reaction Kinetics of HCO

By
Yili Guo

B.S. (Fudan University) 1982

DISSERTATION
Submitted in partial satisfaction of the requirements for the degree of
DOCTOR OF PHILOSOPHY -
in

CHEMISTRY

in the
GRADUATE DIVISION

of the

UNIVERSITY OF CALIFORNIA at BERKELEY

kkkkkkkkkkRkkRkkkkkkkkkkkkkkkkkkkk



s

"

e
LN

-3

™

SPECTROSCOPY AND REACTION KINETICS OF HCO
Yili Guo
ABSTRACT

The high resolution infrared spectrum of the C-H
stretching fundamental of HCO has been studied by means of
infrared flash kinetic spectroscopy. HCO was generated by
flash photolysis of acetaldehyde or formaldehyde using a
308 nm (XeCl) excimer laser. The transient absorption was
probed with an infrared difference frequency laser systemn.
The high resolution spectra obtained were assigned and
fitted with rotational, spin-rotational, and centrifugal
distortion constants. The v, band origin is 2434.48 cm L.

New ground state constants have been derived from a least-

squares fit combining the v, data with previous microwave

1
and FIR LMR measurements. A new set of spectroscopic
constants for the (1,0,0) state, the equilibrium
rotational constants, and the orientation of the

transition dipole moment are also reported.

The kinetics and product branching ratios of the HCO
+ NO, reaction have been studied using visible and
infrared laser flash kinetic spectroscopy. The rate

constant for the disappearance of HCO radical at 296 K is



-1

11 o3 molec™? sec , and it is

(5.7 * 0.9) X 10
independent of the pressure of SF6 buffer gas up to 700
torr. Less than 10% of the reaction goes through the most
exothermic product channel, HNO + COz' The product

channel, H + CO, + NO, is responsible for 52% of the

2
reaction. HONO has been observed, though not
quantitatively, as a reaction product corresponding to the

HONO + CO channel.
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Infrared Flash Kinetic Spectroscopy of HCO




4
.

P—

1. Introduction

It is well known that HCO radical plays an important
role in atmospheric photochemical reactions[1] and
combustiqn processes[2]. Since the hydrocarbon flame
bands between 250 and 410 nm were first observed and HCO
was considered to be responsible for these emission
bands[3-5], the spectroscopy of HCO in ultraviolet (UV),
visible, infrared (IR), far infrared (FIR), and microwave
regions has been studied extensively. Three excited
electronic states (A, B, and C states) have been

characterized[6-8]. It has been shown that the visible

.

absorption of HCO from 900 to 450 nm corresponds to the
transition between the bent %%A' and the linear A2aA"
states, which are split by the Renner-Teller
interaction[9-12]. The vibrational bands of HCO were
first observed in low temperature matrices([7,8,13,14].

Two of these infrared absorption bands (C-O stretching and
bending) were studied in the gas phase more recently using
laser Stark spectroscopy[15] and laser magnetic resonance
(LMR) [16-20]. Pure rotational spectroscopy of HCO has
been investigated by a number of groups{21-27], and the
rotation constants for HCO in the ground vibronic state
have been derived[27]. Most of the rotational and
vibrational spectroscopic studies of HCO carried out

before 1986 have been reviewed by Hirota[28].
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The spectroscopic work on HCO has provided some

information needed for determining its molecular constants

"and for calculating its force fields[7,28-30]. Those

investigations have also made it possible to study the
reactions of HCO[31] and the dissociations of
aldehydes[32] by monitoring HCO spectroscopically.
Recently Tjossem et al.[33] have reported resonance-
enhanced multiphoton ionization spectra of HCO, which
provide a new method for monitoring HCO with high
sensitivity in reaction environments. Since the levels
with Ka'>0 in the A state of HCO predissociate[10,11,34],
the fluorescence from A state (AZA" -« ar excitation)
cannot be used to monitor the concentration of HCO in

states with Ka' # 0.

ﬁco is particularly interesting structurally and
chemically because of its unsually weak and anharmonic C-H
bond. Formaldehyde photodissociation experiments indicate
that the C-H bond energy in HCO is only 15.6 kcal mol”?t
[35]. When Ewing et al. first observed the C-H stretching
fundamental at 2493 cm-l in a CO matrix, they could not
believe that this C-H streching frequency was so much
lower than those in sfable molecules, and therefore only
mentioned it as a poséible assignment. Later Milligan and

Jacox observed this band both in CO matrix (2488 cm_l) and

Ar matrix (2483 cm-l) and confirmed the assignment.



Reéently E.K.C. Lee and coﬁorkers were able to observe the
dispersed fluoresence of HCO (A state) using visible laser
excitation and reported the C-H stretching frequency at
2432 + 20 cm 1[36]. Lineberger's group has also reported
the band center of 2440 t 20 cm-1 for the C-H stretching.

by studying the photoelectron spectroscopy of HCO [37].

The C-H stretching fundamental has not been .
breviously studied at high resolution in the gas phase,
although the high resolution spectroscopy of the other two
fundamental vibrations of HCO hés been explored to some
extent. The bending fundamental (1080.76 cm-l) has been
observed by LMR[16] and laser Stark spectroscopy[15] and
the C-0 stretching fundamental (1868.17 cm-l) has been
observed by LMR[18,20]. All of these studies probe only
small portions of a vibration-rotation band near a fixed-
frequency laser source. The data conseqdently contain
little information on the energy differences between
levels with different Ka quantum numbers. A broadly
tunable IR difference»frequency laser was used in this
work to record a large part of the C-H stretching
vibration-rotation band at high resolution. The analysis
of the spectrum recorded using the IR difference frequency
spectrometer (Berkeley) and the diode laser spectrometer
(by Dane et al. at RicevUniversity) completes the high

resolution determination of the fundamental vibrational



frequencies of HCO and provides improved constants for

rotation about the a-axis.



2. Experimental

2.1 Laser System and Optical Arrangement

The difference frequency laser kinetic spectroscopy
apparatus is shown in Figure I-1. HCO was generated by
photolyzing formaldehyde or acetaldehyde. The photolysis
cell (156 cm long, 2.5 cm in diameter) was made of pyrex
and the windows were infrasil plates. The photolysis.
source was an excimer laser (Lambda Physik/EMG 103E)
operated on the XeCl (308 nm) line at 60 Hz with a pulse
energy of 30-40 mJ. The probe was an IR difference
frequency laser system. The output of a single mode, cw
Ar' laser (Lexel/95-4; 1 W at 524.5 nm) was combined with
an Ar+ laser pumped, tunable, single mode, cw ring dye
laser (Spectra-Physics 171-06/380) and focused onto a
temperature-phase-matched LiNbO3 crystal. The infrared
difference frequency laser thus generated is tunable from
about 4.2 to 2.4 um. The details about the set-up and the
operation of the difference frequency laser system have
been described in Reference 38. R6G dye was used in the
ring dye laser in this experiment. The IR light generated

has a linewidth of about 0.0007 cm I.

The probe and photolysis laser beams were combined



Figure I-1. Schematic diagram of the infrared difference

frequency laser spectrometer.



o8 | W/
sisA|ojoyd |
|
__
——
: | UoAQ
dojs weeg ,_\ g
S ] ﬁ 190 sisAjojoyd _ i je1sk10
1030030 NI e ——— |L_1“\ 1 &
qasuj NN -7 —
Jazuejod
Jolyydwy Jeoxog 19}2WaABAM
1120 °I
h ——
) S——
av 1Nd lase
=Y Ye!
v/d 1o3003eq | YOI°H Buiy
—n spopojoyd | * 7
ied jose L1y \\

J9887 ,ly Aouenbeuq e|Buig




with a UV-reflecting and IR-transmitting sapphire mirror
and propagated colinearly through the photolysis cell.
Béth UV photolysis and IR difference frequency laser beams
were focused at the center of the photolysis cell in order
to increase the signal amplitude. At the focal point, the
diameter of the UV beam was about 2 mm and that of the IR
beam was about 1 mm. The photolysis'céll was moved away
from the beam path when the alignment was carried out.
With one aperture placed at the position of each end of
the photolysis cell, and one at the center position of the
photolysis cell, the UV and the IR laser beams were
carefully overlapped. The deviation of the overlapping of
the two beams by the infrasil window at the input end when
the cell was placed back in the beam was very small. The
alignment was optimized by setting the IR lager at the
resonance frequency of a known transition of the sample
and maximizing the absorption signal. The photolysis and
the probe laser beams, after going‘thrbugh the photolysis
cell and emérging, were separated by another UV-reflecting
IR-transmitting sapphire mirror. A narrow-band IR filter
was used to eliminate broad-band IR emission from the

excimer discharge.

The absorption coefficients of formaldehyde and

acetaldehyde at 308 nm are (3.2 + 0.4) X 10"%[39] and

(1.07 t 0.02) X 1_0'3 cm™ ! torr 1[40]. The quantum yields



for forming HCO are 0.76[41] and 0.862[39] respectively.

Typically 10% to 10 molec cm™3

HCO were produced for
each photolysis shot. The strongest transitions
corresponded to about 10% attenuation of the IR laser

power for concentrations approaching 1015 cm—3.

2.2 Data Acquisition

The IR probe was detected by an InSb.(77 Kf
detector. The resulting signal was amplified by two low-
noise amplification stages (Perry/497 and Keithley/104).
The signal was then integrated by a dual channel boxcar
integrator (PAR 162/164) with a 60 usec gate and 50 usec
input time constant. The signal gate (of the boxcar)
opened 1 usec after the reference gate closed. The
excimer laser fired during the 1 ps time interval,
approximately 500 ns before the opening of the signal
gate. After each photolysis pulse the difference between
the two boxcar signals was read by a microcomputer A/D and
digitally averaged over 25 shots for each frequency

1). The signal-to-noise ratio was

increment (0.0015 cm
improved by a factor of about 10 by using the dual gate
arrangement for the boxcar integrator compared to a single

gate.

10



Under the experimental conditions used in this work,
the principal loss mechanism for HCO was the
disproportionation of two HCO molecuieé to produce Cd and
H.CO. The decay of HCO monitored at 2531.48 em™ !, which

2

corresponds to the blended 9R. transitions, is shown in

2
Figure I-2. The diffusion of HCO out of the probe beam

was another possible source of signal loss.

Overlapping scans of 3 cm-1 each were recorded to

1 including some 750

give a continuous spectrum of 200 cm
observed absorption lines corresponding to the C-H
stretching vibration in HCO. Figure I-3 shows the
_observed spectrum reconstructed by plotting the line

positions and the intensities measured in terms of signal-

to-noise ratio.

The fluorescence excitation spectrum of iodine vapor
excited by the ring dye laser was measured simultaneously
as the HCO spectrum was recorded. The frequencies of the
iodine spectrum have been accurately determined and
tabulated[42]. The HCO line positions were determined by
using the iodine peaks as the reference. The instability
of the singie frequency Ar’ laser limits the accuracy to

$+0.01 cm L.



Figure I-2.

Decay of HCO monitored through the absorption
of blended qu lines at 2531.48 cm_1,
Acetaldehyde pressure = 4.59 torr. The

signal was averaged over 192 shots. Excimer

laser pulse energy = 35 mJ.

12
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Figure I-3.

All the observed C-H stretching fundamental
transitions using the IR flash-kinetic
difference frequency laser spectrometer. The
plot is a reconstruction of the experimental
data; it shows the line positions and the
intensities in terms of the signal-to—npise

ratio.
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2.3 Sample Preparation and Handling

'Both formaldehyde and acetaldehyde were ﬁsed as HCO
precursors. Formaldehyde was prepared as previously
described[43] and stored in a liquid.nitrogen trap.
Acetaldehyde (Mallinckrodt, min 99%) was purified by
several freeze-pump-thaw cycles and kept at 0 °C.

Formaldehyde or acetaldehyde was transferred through
a standard vacuum line (background pressure: 10-4 to 10—5
torr) and continuously flowed through the photolysis cell
at about 100 liter/min. formaldehyde was kept in an |
ethanol/dry ice cooling bath during the experiments. At
-78 °C (dye ice temperature) the vapor pressure of
formaldehyde is about 22 torr[44]. The gas pressure in
the photolysis cell was 5 or 2.5 torr respectively when
formaldehyde or acetaldehyde was used as a precursor.
Similar signal-to—no{se ratio and identical line positions
were obtained for each. A few wavenumbers of the HCO

spectrum was obscured by acetaldehyde absorption but

observed with formaldehyde.



3. Spectrum Assignment and Fit to Molecular Hamiltonian

3.1 Observations and Spectrum Assignment

The region to be searched for the C-H absorption
spectrum in HCO was estimated using the matrix isolation

1

C-H stretching frequency([7] of 2483 cm ~ and the C-H

stretching frequency estimated from the laser induced
fluorescence spectrum([36] of 2432 t 20 cm—l. The C-H

1 deduced by Jacox after

stretching frequency of 2442 cm~
reinterpreting the flame bands was also taken into
account[8]. The 2940.09 cm-1[45] transition 6§ singlet
methylene produced by photolysis of CHzco was used to
check and to optimize the optical alignment. A large
nunmber of the rQ-branch and the pQ—branch transitions of
HCO were observed. Unfortunately, the low frequency
tuning limit of the difference frequency laser system did
not allow the observation of the characteristic a-type Q-

branch transitions. This complicated the assignment of

the observed spectrum.

Dane et al. at Rice university recorded the spectrum

beyond the low frequency end of the difference frequency
scans using an IR diode laser system. Although the

frequency coverage of diode lasers is very patchy, two

21
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obvious parallel Q-branéhes were luckily found with the
diodes they had. The relative intensity of the second to
the first member of each branch suggested that the higher
frequency qQ—branch belonged to K = 3 and the lower
frequency one to K = 4. Using the previously measured
ground state rotational, spin-rotational, and centfifugal
distortion constants[26], P and R-branch lines could be
predicted and were identified confirming the K = 3 and 4
parallel Q-branch assignments. The information thus
obtained located the approximate pésitions of the K = 1,
2, and 5 Q-branches. Several lines of the K =1 Q-branch
‘series and the characteristic four-line patterns of the
corresponding P and R-branches were quickly recognized.

By fitting Hamiltonian parameters to these ;ines, many
additional lines were predicted and assigned in both
difference frequency and diode data. The assignment
therefore proved to be quite straightforward. However,
since HCO is a doublet and an asymmetric top molecule, the
spin and asymmetry splittings made the overall assignments
very tedious especially where the lines are congested.

The final assignments were checked by combination
differences. Figure I-4 shows the K = 3 « 2 Q-branch
region observed with the difference freqﬁency laser
system. A complete listing of the observed transition
frequencies, assignmenté, and measured signal—to—nbise

ratios is given in Table I-1. The absorptioh lines at



Figure I-4.

K = 3 + 2 perpendicular Q-branches. A total
of 25 shots were averaged for each frequency
step (0.0015 cm-l). The IR spectrum line

widths (0.01 cm™ 1) are Doppler limited. The

subscript + or - in the assignment stands for

even or odd Kc" parity respectively.
Subscripts are omitted when asymmetry
splittings were not resolved.

* Overlapped transitions of 9+, 7-, 15+, 10-,
14-, 11+, 12-, 13+.

*%* Overlapped transitions of 14-, 13+, 12-,

11+, 10-, 9+, 8-, 7+.
Conditions: Acetaldehyde pressure = 2.5 torr,
Photolysis laser pulse energy = 35 mJd,

repetition rate = 60 Hz.

23
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Table I-1. Observed IR transition frequencies,
assignmentst, calculated line strengths, and
experimentally observed absorption intensities
in terms of the signal-to-noise ratio.

NU KAU PU 2%JU NL KAL PL 2*JL  OBS. o-C  CAL. OBS.
-1 -1
(eM Yy  (em™l) INT.  S/N
(x103)
5 0 -1 9 4 0 1 7 2448.905 7 77 25.0
5 0 -1 11 4 0 1 9 2448 .905 9 95
6 0 1 11 5 0 -1 9 2451.771 2 88
6 0 1 13 5 0 -1 11 2451.771 4 105 20.0
7 0 -1 13 6 0 1 11 2454.608 =26 97  14.0
7 0 -1 15 6 O 1 13 2454 .608 =24 111
9 0 -1 17 8 0 1 15 2460.311 =32 103  29.0
9 0 -1 19 8 0 1 17 2460.311 =30 115
10 0 1 19 9 0 -1 17 2463.182 -3 102  30.0
10 0 1 21 9 0 -1 19 2463.182 -1 112
11 0 -1 21 10 0 1 19 2466.013 -5 98  24.0
11 0 -1 23 10 O 1 21 2466.013 -3 107
12 0 1 23 11 0 -1 21 2468.837 -3 92  40.0
12 0 1 25 11 0 -1 23 2468.837 -1 100
13 0 -1 25 12 0 1 23 2471.623 -28 85 37.5
13 0 -1 27 12 0 1 25 2471.623 =25 92
14 0 1 27 13 0 =1 25 2474.440 =9 77  26.0
14 0 1 29 13 0 -1 27 2474.440 -7 83
15 0 -1 20 14 0 1 27 2477.227 -6 68 21.0
15 0 -1 31 14 0 1 29 2477.227 -4 73
16 0 1 31 15 0 -1 29 2480.009 6 59  21.5
16 0 1 33 15 0 -1 31  2480.009 8 63
17 0 -1 33 16 0 1 31 2482.748 =10 51  20.0
17 0 -1 35 16 0 1 33 2482.748. -7 54

t{N is the quantum number corresponding to angular momentum
from end over end rotation of the molecule; KA is the
quantum number of angular momentum along the a-axis; P is
the parity; J is the total angular momentum (J = N %t S; S
represents electron spin angular momentum, 1/2 for HCO). U
and L represent upper and lower state, respectively.
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lower frequencies than 2446 cm-1 were recorded using the
IR diode laser spectrometer at Rice University. There are
35 observed lines that are unassigned; those transitions

are listed in Appendix I-1.

3.2 Spectrum Fit to Molecular Hamiltonian

An attempt was made at first to fit the spectrum by
using Watson's A-reduced Hamiltonian and adding spin-
rotation interaction as a perturbation. It was soon
proved to be not sufficient. The program used in
analyzing the spectra was written by T.J. Sears, Watson's
 A-reduced Hamiltonian[46] and the épih—rotation
formulation of Brown and Sears[47] are used in this

program:

H = Hp + Hop + Hgp + Hgpep
HR and H., are the Hamiltonians representing the
rotational energy and its centrifugal distortion
correction, respectively. HSR and HSRCD refer to spin-
rotation interaction and its centrifugal distortion
correction, respectively.

2 2 2

HR = ANz + BNX + CNy

45
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HCD - AKNz ANKN Nz
2

2, .2
- 25, N°(NY + N2) -6 [N + N2, N2 21,

6 2..4 4 2 6
@KNZ + @KN NZ + QNKN NZ + QNN

+ 20 N (N + %)+ ¢NKN [N Ni + NE]+

+

2 2 2
+ 9L INS, N + N7)

8
I

A, ¢, and ¢ are the effective quartic, sextic and octic

centrifugal distortion parameters.

HSR = éaaNzSz + ebbNxSx + GchySy

+(L/2)€ (NS, ], + [N,,5.1,)

+ (1/2)€ . (INy/S,0, + [N,/ Sy}

tL/2) € (NS T, + Ny,S,1,)

eij's are spin-rotation interaction parameters.
_ 2Sy3 s ;2 S g2 2
HSRCD = A zSz + AKNNZN-S + (1/2)ANK{N stz + NZSZN }

S,.,2 S ,..2 2
+ ANN (N.-S) + SN(N+ + N”)N.8

+ (1/2)65( (N2 + N)NS_ + NS, (N2 + N%))



AS, §, and ¢ are the effective spin-rotation centrifugal

distortion parameters.

Sears' program was designed for fitting the spectra
of asymmetric top molecules. By choosing the options, it
can be used either to analyze magnetic resonance spectra
or zero-field spectra. The program also allows
simultaneous fits to rotational and rovibrational
transitions from the same vibrational state. The
instructions for using the program have been given in
Reference 48. The detailed theory behind the program has
been discussed by Sears[49]. Some minor changes had to be
made to Sears' original program (SEARS;FORTRAN). ‘The
program was then dombihed with matrix diaganolization
routines from EISPACK and LINPACK to fit the HCO spectra.
The present version of the program is named HCO.FORTRAN.
The sample input file is saved as TOT.TOT. All these
files are stored in the UCB CMSA system under the account

MOORONS2.

3.2.1. Coriolis Interaction between (1,0,0,)T and (0,0,2)

States in HCO

'TIn HCO, v, C-0 stretching,

and v, bending.

refers to C-H stretching, v,
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48

Initially, the observed transitions were least-
squares fitted with a band origin and upper state
rotational, spin-rotational, and centrifugal distortion
constants. When such a fitting was carried out, it was
found that the K' = 4 and K' = 5 infrared transitions
appeared to be incompatible with each other. When
transitions involving levels from both stacks were
included, the standard deviation became about 2.5 times
that expected from the estimated errors in the
measurements, almost tripling in comparison with the
standard deviation obtained when only either K' = 4 or K!
= 5 transitions were included in the fit. This could not
be remedied by including additional centrifugal distortion
constants of higher order'in K even though K' = 5 is the
highest K' observed and assigned. It seems that the
apparent perturbation in thé upper state can be ascribed
primarily to the K' = 4 levels. If K' = 4 lines are
included, there are systematic deviations in the K' = 3
levels and several of the upper state centrifugal
distortion and spin-rotational centrifugal distortion
constants change by unusually large amounts from the
ground state. However, as discussed later, there are

still significant changes in Ayg and ¢ even when the K'

4 lines were omitted. Fits for which both K' = 4 and K'
= 5 were included or for which only K' = 4 was included

were carried out. The resulting spectroscopic parameters



and the residuals grouped with respect to different K!'

stacks are given in Appendix I-1.

It was suspected that the K' = 4 transitions may be
affected by Coriolis interaction with the K' = 5 levels of
the bending overtone. The band center of the (0,0,2) <«
(0,0,0) transition has been reported to be 2129 cm * from
the HCO photoelectron spectroécopic_study by linberger's
group(37]. The A rotational constant of the bending
overtone is expected to be much larger than the A value of
the C-H stretch excited state. The estimation of the A
constant for the first excited bending overtone state is

shown below;
A(v) = Ae - 2ai(vi + 1/2) [50]

For the ground state, A(0,0,0) = Ae - (1/2)2(1i

Thus, A(0,0,1)

A(0,0,0) - aq

Since A(0,0,1) = 26.5 cm 1[15] and
A(0,0,0) = 24.3 cm 1[27],
Therefore, a, = -2.2 em”t

A(0,0,2) = 28.6 cm *
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The A constant of the (1,0,0) state is only 22.6 cm T as
shown in Table I-2. As a result even though the bending
overtone is near 2129 cm-l, the energies of a level of
given K will catch up with the K-1 and eventually with the

1 C-H stretch as K increases.

K levels of the 2434 cm
Figure I-5 depicts an estimate of the relative locations
of the (1,0,0) and (0,0,2) K stacks. The A', B', and C'
rotational constants needed for calculating the energy
levels of the (0,0,2) states were estimated based upon'the
bending vibration-rotation interaction constants[15] as
shown above. The calculated energy difference between the
K' = 4 level of the (1,0,0) state and the K' = 5 level of
the (0,0,2) state is only 31 cm-¥. The estimated
‘uncertainty is $40 et due primarily to the uncertainties
in the determination of the band origin for the bending

overtone and in the estimation of the A', B', and C'

constants for the (0,0,2) state.

The K' = 4 levels appear to be pushed down by
increasing_amounts with increasing N' with a maximum
displacement of about 0.2 cm-'1 near the largest observed
N' of 23 as seen in the residuals from the least-squares
fit presented in Figure I-6. Such a displacement could
result from a Coriolis interaction between (0,0,2) K' = 5
and (1,0,0) K' = 4. The slow onset is readily explained

by the fact that (B+C)/2 for (1,0,0) is, in fact, expected
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Table I-2. Parameters resulting from least-squares fit of the

infrared, FIR LMR, and microwave data for HCO.

Parameter (cm 1) (0,0,0)2 (0,0,0)% (1,0,0)€
v, 2434.47790(24)
A-(B+C)/2 22.882726(11)  22.8832961(86)Y  21.14225(37)¢
(B+C) /2 1.4463102(4) 1.44630991(28) 1.4451800(26)

102 (B-C)/4 2.3824(16) 2.3821(11) 2.52491(64)

10% & 3.952(19) 3.953(13) 4.0113(71)

10° Ak 1.520(13) 1.5244(96) -0.490(56)

10% A, 3.06891(96) 3.14115(83) 2.696(14)

10’ 5y 3.911(43) 3.841(33) 4.298(48)

10 5, 1.50(16)¢ 1.47(11) 1.404(53)

10° L - | ' 2.7(12) g £

10’ & -4.718(87) -4.860(98) -9.80(21)

10* ¢ 1.472(11) y 1.29(14)

107 Ly 6.82(35) 0.24(38)

10 €, +e, +E . 3.81448(40) 3.8140(27) 3.2942(34)

10 2¢,,-€, -6 . 7.81705(67) 7.81606 (45) 6.7665(70)

103 (Epp=toc)/2  3.7439(24) 3.7462(18) 3.700(78)

103 £ap 6.72(8) 6.504(53) : £

10’ A§ 2.10(33) 2.34(27) £

10° Asx -3.32(73) ~1.65(53) £

103 Ai -1.637(12) -1.6033(75) -1.295(17)

10° 3 4.45(88) 1.56(54) £
aweightedg 1.1 0.9
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3Reference 27.

bThis work.

CThis work.

dUncertainties are one estimated standard deviation in
last two reported digits.

For the (1,0,0) level the uncertainty applies to the
difference between (1,0,0) and (0,0,0) constants.
€corrected uncertainty‘by T.J. Sears, Private
communication.

fConstrained to ground state value.

9The weighting is such that the'expected standard deviation

is 1.0.



Figure I-5.
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Estimated locations of the hypothetical N = 0

energy levels for the 2v, and v

3 1
is believed that the K = 4 level

being perturbed by an anharmonic

interaction with K = 5 of 2v as'

3
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states. It
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Figure I-6.

Residuals of the observed transitions
involving the K' = 4 rotational levels
calculated from the results of the least-
squares fit presented in Table I-2. The
circles represent difference frequency laser
observations and the squares diode laser

observations.
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to be slightly smaller than (B+C)/2 for (0,0,2). Thus by
N = 20 the separation between the two levels is‘expected
to increase by almost 0.5 cm_1 from its.smallest value at
N = 5. Therefore it is believed that the increasing size
of the perturbation with N results because the Coriolis
matrix element([51] is proportional to. [(N(N + 1) -
20]1/2Jr and the energy difference between the two

interacting levels is almost independent of N.

3.2.2. Derivation of the Spectroscopic Constants for the

Ground State of HCO

Previous to this Work; the gfound state rotational,
spin-rotational, and centrifugal distortion constants had
been obtained from fits of EPR[24], microwave[26], and FIR
IMR[49] data by Sears[49]. Although up to K" = 6 parallel
transitions were measured in these experiments, only 1 «
0, 0« 1, and 2 « 1 perpendicular K-stack lines were
observed. With the large access to the different
rotational levels of the ground vibrational states in the

IR data recorded in this work, the ground state constants

t The selection rules for Coriolis interactions are AK =
0, 1, and 2. The matrix element <J,K,v | Hooriolis o
|7,Kt1,v> is proportional to [(N(N + 1) - K(K t 1)] .
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could be improved. One obvious choice is to least-squares
fit the ground and the excited state constants
simultaneously by combining all the rotational and
rovibrational data. However, having recognized that some
of the upper state levels are possibly perturbed, it
seemed appropriate to fit the ground state and excited

state separately.

The first step was to fit the ground state and
thereby improve the ground state constants. Since fitting
combination differences of the IR data can introduce the
problem[52] of observational correlation,.a method was
derived by Cufl et al. at Rice University[53] to obtain
the ground state constants. inAthis method, an additional
parameter was introduced for each upper state level to
take into account the inadequacy of the upper state
Hamiltonian. This parameter was represented by the
average frequency of all the observed lines ending on the
same ﬁpper state level and a combination of the parameters
correlated with the ground state constants (rotational,
centrifugal distortion, and spin-rotational). Therefore,
instead of fitting linear combinations of observations as
done in fitting combination differences or term values, a
fit using a linear combination of parameters was made.
The details of this method have been discussed in

reference[53]. Although in principle this method



eliminated the problems due to correlations between
observations, in the present fit there are no differences
between the ground state constants for HCO obtained by
using the meﬁhod of Reference 53 and by fitting
combination differences. Presumably observational
correlations are smaller than inadequacies in the form of

the Hamiltonian.

In the present fit, 40 microwave lines from Black et
al.'s work(26], 37 FIR LMR line reported by Sears[49], and
900 v, infrared lines were used involving 332 upper state
levels. (There appear to be more v, lines used than were
giyen as measured and assigned because unresolved spin and
asymmetry doublets were eéch treated as two 1ines a£ half
weight in the fit.) Each data point was weighted by the
squared reciprocal of the estimated measurement

uncertainty (microwave = 1 X 1011, FIR IMR = 1 X 108,

difference frequency = 1 X 104, and diode = 1 X 106).

In the Hamiltonian used there were 23 parameters for
a given vibrational state corresponding to 3 rotational
constants, 5 quartic, 4 sextic, and 1 octic centrifugal
distortion parameters (the 3 off-diagonal in K sextic
constants are omitted and only the K8 octic term was
included), 4 spin-rotation interaction constants, 5

quartic spin-rotation centrifugal distortion”constants
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(AiK is omitted), and 1 sextic spin-rotation distortion
constant (Q;). Even the large number of lines used in the
fit is not sufficient to determine all of these
parameteré. The diagnostic least-squares method[54] was
used to identify the poorly determined parameters (QN,
8;, 62). The resulting ground state rotational,
centrifugal distortion, and spin-rotational parameters are

listed in Table I-2.

The weighted standard deviation of this fit is 1.1
which is what is expected from the estimated errors in the
observations. However, it must be pointed out that the

residuals are not distributed very smoothly. Sears [49]
recognized that several of the FIR IMR lines haVé large:
residuals when fitting ground state parameters with all
the available.rotational transitions. Moreover, the fit
of the microwave data is poorer than the expected
experimental error. In the present spectrum analysis, the
v, data is actually fitted somewhat better than the
estimated experimental error, perhaps due to the over
estimation of the error for the difference frequency data.
One pair of FIR LMR lines (N = 11 « 10, K =v6) have by far
the largest weighted residuals and appear to have a spin-
rotation splitting which is too small. However,
eliminating these two lines is not sﬁfficient to make the

distribution of residuals smooth. It is believed that the



ground state parameters given in Table I-2 are the best

synthesis of the information currently available.

3.2.3. Derivation of the Spectroscopic Constants for the

(1,0,0) State of HCO

The ground state parametefs were fixed at the values
obtained as described in the previous section. The
excited state rotational, centrifugal distortion, and
spin-rotational constants as well as the band origin were
then determined by fitting the infrared transition
frequencies. Once again the diagnostic least squares
procedure was used to decide which parameters afé
determinable, guiding the truncation of the Hamiltonian.
In this fit K' = 4 lines were omitted because of‘the
suspected perturbation mentioned in Section 3.2.1. In the
final fit, 705 transitions were used: 555 difference
frequency laser and 150 diode laser measurements. Table
I-2 presents the resulting excited state constants and the
band origin. It was noticed that there are rather large
changes in ANK and QKN from the ground state. Similar
changes were found even if the K' = 5 lines were omitted,
i.e. if only lines of K' = 0, 1, 2, and 3 are included.

It is possible that some of the K' = 3 levels are slightly

perturbed. The differences between the calculated IR
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transition frequencies using the parameters derived in

this work and the observed ones are listed in Table I-1.
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4. Other Results

4.1 Equilibrium Constants

The rotational and centrifugal distortion constants
obtained here have been combined with those obtained in
previous high resolution studies of the bending and C-0
stretching fundamentals to calculate the vibration-
rotation interaction constants. These constants are
listed in Table I-3. The ground state rotational
constants resulting from fitting the bending and C-0
stretching fundamentals are somewhat different from the
values gi#en in'Tablé I-2. For thisfreason the -
differences between the ground and excited state constants
obtained in these studies were used rather than the
absolute values of the excited state constants since these

differences are believed to be better determined.

From the vibration-rotation interéction constants,
the centrifugal distortion constants, and rotational g-
factors, equilibrium rotational constants and moments of
inertia of HCO may be calculated and are listed in Table
I-4. The correctiohs to the apparent rotational constants
(A, B, C) presently derived were.éarried out to obtain the

equilibrium rotational constants A,, B, and C,[50,55]:
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1 .
Table I-3. a constants and - T a; of HCO (cm l)._

2 s
s aA aB ac

s S s
a b

1 1.7422(4) ~0.00173(2) 0.00399(2)
2¢ 0.1012(2) 0.01253(6) 0.01152(6)
3d -2.2463(1) 0.00633(5) 0.00610(7)
Lo
-3 ag -2.015(2) 0.00224(4) 0.01081(5) -
2 s :

qThis work.

bValues in parentheses correspond to one standard
aeviation.

CReference 16..

dReference 20.



Table I-4. Calculation of equilibrium rotational constants

(cm_l) and moments of inertia (ui) of HCO.

Ai 24.1282(2) Ag 24.1282 Ag 24.1280 AZ 24.3153
B, 1.49620(4) B, 1.49606 B, 1.49583 B,  1.49585
C; 1.40947(5) C, 1.40961 C; 1.40995 C_ 1.41015

Equilibrium moments of inertia:

()

I 0.693290
Iy 11.2695
IS 11.9545
AAe .eo.oosé

aEquilibrium A,B,C from the a's of Table I-3 and the ground

state rotational constants of Table I-2.

Ground state R, = -3.3 X 10”8 cm™! and with the

equilibrium centrifugal distortion constants assumed equal

b

to the ground state.

CGround state Tapap = ~4-5 X 10°8 cn™? and equilibrium

assumed equal to ground state.

dRotational g-values calculated from the formula 9;1 =

-weiil/( (Reference 56) with { assumed equal to 50 cm-1

(Reference 57).

65



66

(1) . Corrections for the rotation-vibration interactions

_ - A A A
A1 = A 1/2(a1 + a2 + a3)
_ _ B B A
B1 = A _1/2(a1 + a2 + a3)
_ - C C C
C1 = A 1/2(a1 + az + a3)

(2) . Corrections for the centrifugal distortion effect

A, = A —16R6

B, = B, + 16R (A-C)/(B-C)

0
]
(@]
'

16R6(A—C)/(B-C)

A. = A. - R?

3 2 Tabab/2
_ .4
By =By - h'7 y,p/2
- -
C3 = Cy = 3R77 5 /4

(3). Corrections for the electron slippage

A, = A (1 - g__/1836)

By = By (1 - /1836)

b
= C,(1 - g_,/1836)

0
I

The two centrifugal distortion constants needed to correct
the rotational constants for centrifugal distortion

effects, R, and 7 were calculated from the constants

6 abab’



listed in Table I-2 using the expressions for AN’ ANK’ AK’

6N’ and SK in terms of the four independent planar

centrifugal distortion constants, Taaaa’ T vbbbb’ T 2abb’

and T abab then least-squares fitting the five A's with the
four 7's; the expressions can be found in Gordy and Cook's

. -8 -1
book([50]. The resulting R6 and Tabab are -3.3 X 10 cm
and -4.5 X 10~ % cm™ 1, respectively. The rotational g-

factors needed for the electron slippage correction were
estimated from the spin-rotation interaction constants
using the equation g, = -Ieii|/§[56],.with ¢ =50 cm T
[57]. The inadequacy of this method for finding
approximate values of the gii's is probably the reason
that the equilibrium inerfial defect is so la;ge (Ae = -
0.0084). In order fo determiné‘the equilibrium structure
of HCO, a similar treatment of DCO is required. Such a
treatment is not possible at this time because the bending

fundamental of DCO has not been observed under high

resolution.

4.2 Transition Dipole Orientation

The orientation of the transition dipole moment for
v, with respect to the principal axes was obtained by
measuring the relative intensities of parallel and

perpendicular rotational components and comparing them
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with the theoretically calculated ratios:

I (AK = 0) « p2

2
I (AK 1) « by
I: transition strength

L: transition dipole moment

If IA' and IB' are calculated line strengths for parallel
and perpendicular transitions from the same rotation level
of the ground vibrational state respectively, and I and
IB are experimentally observed relative line intensities

correspond to the same transitions, then
I,/Ig = (I,'/15") (ba/ul)
A’7B A B A’"B

The angle (a) of the transition dipole moment relative to

the b-axis can be calculated:
a = tan Y Y
- bp/bg

The theoretical calculations of the line
strengths([48] for unit vibrational transition dipole
moments are included in Sears' spectrum analysis program.
The intensities of 90 pairs of difference frequency laser

absorption lines with common ground state rotational



levels were compared as shown in Table I-5. Although
there is considerable scatter in these relative intensity
measurements, the scatter in the angle which the
transition dipole moment makes with the axes is relatively
small because ﬁhe arc tangent of the square root of the
intensity ratio is involved. The result is that the
transition dipole moment makes an angle of 63 * 6° with
the b-axis. The quoted error is 1 ¢ value. The
equilibrium'structure calculated by Hirota[28] gives 41°
as the orientation of the C-H bond with respect to the b-
axis. Thus the transition dipole makes an angle of 22°
(or with the less reasonable choice of signs 76°) with the
C-H bond, as illustrated in Figure I-7. As the H atom
moves away from the C atom, there must be significant

motion of the electron density along the C-0 bond.
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Table I-5. List of 90 pairs of absorption lines used to
calculate the angle of the transition dipole
moment relative to the b-axis.

NU PU NL PL OBS. CAL. OBS. ANGLE
KAU 2*%JU KAL 2*%JL
(CM~1) INT. S/N  (°)

10 0o 1 21 9 0 -1 19 2463.182 112 30.0 66
10 1 1 21 9 0 -1 19 2481.682 120 11.0
11 0 -1 21 10 O 1 19 2466.013 98 24.0 64
117 1 -1 21 10 O 1 19 2484.016 103 7.5
11 1 -1 21 10 1 1 19 2463.655 - 88 14.0 62
11 0 -1 21 10 1 1 19 2445.665 73 5.5
11 0 -1 23 10 O 1 21 2466.013 107 24.0 64
11 1 -1 23 10 O 1 21 2484.016 113 7.5
12 O 1 23 11 o -1 21 2468.837 92 40.0 67
12 1 1 23 11 0 -1 21 2486.314 95 12.5
14 0O 1 27 13 0 -1 25 2474 .440 77 26.0 66.-
14 1 1 27 13 0 -1 25 2490.808 76 9.0
15 0 -1 29 14 o0 1 27 2477.227 68 21.0 58
15 1 -1 29 14 O 1 27 2493.000 66 12.5
16 O 1 33 15 0 -1 31 2480.009 63 21.5 66
16 1 1 33 15 0 -1 31 2495.141 60 7.0
17 0 -1 33 16 O 1 31 2482.748 51 20.0 70
17 1 -1 33 16 O 1 31 2497.267 47 5.0
21 0 -1 41 20 O 1 39 2493.605 23 12.0 68
21 1 -1 41 20 O 1 39 2505.534 19 4.0
22 0 1 45 21 0 -1 43 2496.273 19 12.0 68
22 1 1 45 21 0 -1 43 2507.540 16 3.0
5 1 -1 11 4 1 1 9 2446.876 82 13.0 77
5 0 -1 11 4 1 1 9 2426.479 66 1.5
9 1 -1 17 8 1 1 15 2458.102 92 12.0 68
9 0 -1 17 8 1 1 15 2439.160 77 3.0
100 1 1 19 9 1 -1 17 2460.881 91" 12.5 65
10 O 1 19 9 1 -1 17 2442.398 76 4.0
10 1 1 21 9 1 -1 19 2460.872 101 14.0 63
10 O 1 21 9 1 -1 19 2442.377 84 5.0
12 1 1 25 11 1 -1 23 2466.412 91 18.0 66
12 0 1 25 11 1 -1 23 2448.947 74 5.0
13 1 -1 25 12 1 1 23 2469.205 77 9.0 64
13 0 -1 25 12 1 1 23 2452.266 62 3.0
13 1 -1 27 12 1 1 25 2469.205 83 9.0 64
13 0 -1 27 12 1 1 25 2452.254 67 3.0
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Figure I-7.

Orientation of the transition dipole moment
for v, in the molecule. The line marked p is
the most reasonable orientation; the dashed .
line is the orientation which results from

the other choice of the relative signs of the

a and b components of the transition dipole.
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S. Discussion

The C-H stretching frequency determined here,

2434.48 cm~ Y, is well within the range of 2432 t 20 cm *

determined by LIF[36] and of 2440 # 20 cm *

by
photoelectron spectroscopy(37]. The ab initio value of
2448 cm ! is too high by only 0.6%[58]. The much higher
frequéncy observed in an Ar matrix[14] implies a matrix
shift of 48 cm_l to the blue. Jacox has suggested that
this anomalously large stiffening ofvthe C-H stretch is a

consequence of the unusually low dissociation energy, low

vibrational frequency, and large anharmonicitY[S].

Because the C-H bond of HCO is unusually~wéak and
anharmonic, there is considerable interest in mapping out
the complete potential energy surface of the molecule. A
high quality ab initio surface has been developed[58].
Hirota has determined quadratic and cubic force constants
from the fundamental frequencies and high résolution
vibration-rotation constants available in 1985[28]. The
improved centrifugal distortion constants for thg ground
state and especially the new constants for v, reported
here should permit a significantly improved forcé field to
be defined. An even better determined force field should
result from the investigation of combination_bands

especially the Fermi resonance between 2v3 and v,, or even
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better, between v, + 2v, and 2v, which would directly
determine the cubic force constant linear in the C-H
stretch and quadratic in the bend. The Vg band of DCO
also remains to be studied at‘high resolution. 1In HCO the
high resolution study of 2v, and possibly combinations
thereof with U, and v, should produce valuable information
about the nature of the potential surface and nuclear

motions on that surface near the C-H dissociation

threshold.

The photoelectron spectroscopy of HCO studied by
Lineberger's group([37] gave the band center for different
. vibrational bands of HCO up to 10268 cm * which
corresponds to the (2,2,2) « (0,0,0) transitibn. Attempts
have been made to study the absorption spectra of (1,0,1)

1y, (1,0,2) « (0,0,0) (4533 cm t

« (0,0,0) (3468 cm ), and

(2,0,0) « (0,0,0) (4533 cm 1) bands. Unfortunately, H,,CO

absorbs at those frequency regions and CH3CHO absorbs even
ﬁore. Negative peaks wére observed as a result of the

CHO) by the UV photolysis. Some

depletion of H,CO (or CH

2 3
positive peaks were also observed. Many positive peaks
were seen when the IR laser was scanned through the
(0,1,1) « (0,0,0) or the (0,0,3) + (0,0,0) band center
regidn (Both of them appeared at 2936 ,c:m"'l in Lineberger's

work). It was later realized that at least some of those

positive peaks were from rotationally or rovibrationally



hot HZCO absorptions. Thése‘HZCO were either formed
through the HCO recombination reaction or through. energy
fransfer when room temperature HZCO collided with ﬁot HCO
and H after UV photolysis. A careful examination is
necessary to see if any of those observed lines were from
HCO absorptions. This is not trivial to do since the
absorption spectrum of HZCO at such high frequency has not

been studied. This work has not been finished in the

present study.
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Appendix I-1. List of unassigned lines.

Frequency (cm—l) S/N

2460.303 4.5
2485.814 5.0
2485.962 6.0
2494.348 7.0
2499.669 2.0
2505.572 2.0
2520.399 5.0
2523.142 1.5
2525.079 1.5
2527.316 4.2
2534.068 4.2
2534.166 4.2
2536.893 6.0
2544.448 1.5
2548.672 6.0
2552.367 4.2
12565.057 4.2
2571.030 12.0
2575.338 4.2
2576.857 . 6.0
2579.745 9.0
2582.552 2.5
2587.344 4.2
2589.076 2.0
2597.632 4.2
2597.727 6.0
2604.101 4.5
2604.111 5.5
2613.230 1.5
2613.692 1.5
2613.767 2.0
2614.391 2.0
2614.439 2.0
2621.422 3.0
2622.640 2.0
2624.982 2.0




Appendix I-2.

As discussed in Section 3.2.1.; the K' = 4 levels of
the (1,0,0) state in HCO are perturbed by the K' = 5
levels of the (0,0,2) state through Coriolis interaction.
‘The spectroscopic parameters and the residuals resulting
from the least-squares fits for which both K' = 4 and K' =
5 were included (Table I-6 and Figures I-8 to I-13) or for
which only K' = 4 was included (Table I-7 and Figures I-14
to I-19) are given in this Appendix. The residuals are
the difference between the observed and the calculated
transition frequencies (Obs - Calc). The circles
represent difference frequency laser observations and the

squares diode laser observations.
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Table I-6. Parameters resulting from the least-squares
fit of IR data when K' =1, 2, 3, 4 and 5

levels were included.

Parameter (cm ) (0,0,0)2 (1,0,0)b
v, 2434.477600(8)
A-(B+C) /2 22.8832961(86)° 21.14143(32)
(B+C) /2 - 1.44630991(28) 1.4452019(52)
102 (B-C) /4 | 2.3821(11) 2.526205(18)
10° Ay 3.953(13) 3.993(21)
10° - 1.5244(96) | 1.04(11)
102 Ap - 3.14115(83) 2.6192(77)
10’ Sy 3.841(33) 4.13(13)
10* § 1.47(11) - ©1.47(16)
10° . 2.7(12) a
10’ ® ~4.860(98) o -4.51(43)
10% ¢ 1.472(11) 0.391(56)
107 Ly 6.82(35) -23.9(12)
10 £, 46, FE 3.8140(27) 3.2905(83)
10 26, =€, -6 7.81606.(45) 6.764(17)
103 (Epp=E oo) /2 3.7462(18) 3.55(20)
10° £ap 6.504 (53) d
10’ A; 2.34(27) d
10° ASx -1.65(53) | - d
103 Ai -1.6033(75) -1.278(44)
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108 <I>Is< 1.56(54) | d
oweighted 1.1 2.5

4Ground state parameters.

PBoth K' = 4 and 5 levels were included in the fit.

“Uncertainties are one standard deviation in last two
reported digits.

dConstrained to ground state value.
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Figure I-10
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Table I-7. Parameters resulting from the least squares
fit of IR data when K' = 0, 1, 2, 3, and 4
levels were included.

Parameter (cm 1) (0,0,0)2 (1,0,0)b
v, 2434.47760(36)
A-(B+C) /2 22.8832961(86)° 21.14295(28)
(B+C) /2 1.44630991(28) 1.4451649 (30)
102 (B-C)/4 2.3821(11) 2.5219(11)
10° Ay 3.953(13) 3.936(10)
5
107 Agp 1.5244(96) -2.200(91)
102 Ay 3.14115(83) 2.726(15)
10’ 5y 3.841(33) » 4.114(72)
104 5 1.47(11) " 0.866(89)
9
10° & 2.7(12) d
7
107 &, -4.860(98) -32.38(63)
10% ® 1.472(11) 2.44(19)
10’ Ly 6.82(35) 47.8(69)
10 €, +E, FE 3.8140(27) 3.3040(60)
10 26, -, -€ 7.81606 (45) 6.789(12)
3
107 (£ =€ .5)/2 3.7462(18) 3.63(11)
3
10° €y 6.504 (53) d
107 AS 2.34(27) a
6 ,s
10° Age -1.65(53) d
103 AS -1.6033(75) ‘ -1.378(48)
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1.56(54) d

Oweighted

8Ground state parameters derived in this work.

bOnly K' = 4 levels were included in the fit.

CUncertainties are one standard deviation in last two
reported digits.

dConstrained to ground state value.



87

Figure I-14

8

og8@g§888 88Q8

8

1.00

0.50

(L-3)
(L-wo) oen

-0.50 |

$q0

-1.00

15 20 25 30
N' (K = 0)

10

Figure I-15

1.00

0.50
-0.50

(L-3)
(L-wo) o[ED - sqO

-1.00

15 20 25 30
N (K = 1)

10



88

Figure I-16
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Part II.

Kinetics and Product Branching Ratios

for the Reaction HCO + NO2
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1. Introduction

The reaction of HCO with NO., is important in

2
atmospheric and combustion chemistry.A It is involved in
nitration and oxidation reactions,l_3 and pyrolysis of
organic nitrates and nitrites.? Learning ébout the
reaction rate, products, and reaction mechanism is
essential for quantitative modeling of those processes.

There are four possible product channels in the reaction

between HCO and NOZ:

HCO + NO2 = OH + NO + CO

- H + 002 + NO

HONO + CO

4

-+ HNO + 002
Recently Gutman's group has measured the rate constant for
this reaction using laser photolysis with photoionization
mass spectrometry detection. However, they failed to
detect the reaction products.5 Morrison and Heicklen

studied the products of the HCO + NO, reaction by

2
photolyzing a gaseous mixture of H,CO and NO2 at room
temperature.l’s They used gas chromatography to analyze

the stable molecules after the reaction proceeded. The
results were interpreted as indicating that H + co, + NO

is the only product channel and that perhaps some adducts
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were formed, but the investigation was inconclusive.

Theoretical calculation7, Figure II-1, shows that
two possible collision complexes can be formed in the HCO
+ NO,, reagtion. The calculated heat of formation of
HCO(ONO) at 298 K is lower than that of HCO(NOZ) by 10
kcal/mole. Whether the collision complexes can be
stabilized in this system is an interesting and important
issue. Morrisbn and Heicklen have tentatively assigned an
IR absorption band between 700 and 800 cm * to the

complexes.6

HCO(ONO) has been postulated as a reaction
~intermediate in organic synthesis,8 although it has not

been independently isolated.

In this work, the rate constant and product
branching ratios for the HCO + NO2 reaction have been
determined using laser flash kinetic spectroscopy. The
raté constant has been demonstrated to be independent of
SF6 buffer gas pressure up to 700 torr. The reaction
products, HNO, coz, and HONO, corresponging to three
different product channels, were directly monitored as the
reaction proceeded. The results provide valuable

information not only for quantitative modeling, but also

for understanding the reaction mechanism.



Figure II-1.

Potential energy diagram of the reaction

between HCO and NO, calculated by C.

2
Melius.’ Solid lines are ab initio

calculated heats of formation at 285 K by
using the BAC-MP4 method. The connecting

dashed lines are merely estimated.
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2. Experimental

2.1 Visible laser Monitoring of HCO Decay

The rate constant for the reaction between HCO and
NO2 was measured by monitoring the decay of the HCO
concentration as the reaction proceeds. The schematic
diagram of the experimental setup is shown in Figure II-2.
CHBCHO and NO2 were continuously flowed through the
photolysis cell (156 cm long, 2.5 cm in diameter, with
quartz windows). HCO radical was produced by photolysis

of the CH,CHO with a 308 nm excimer laser (Lambda

3
Physik/103E). The pulse width of ﬁhe éXcimerilaser was 8
ns and the energy was about 60 to 80 mJ per pulse. The
visible probe laser was an Ar+ laser (Spectra
Physics/2030-18) pumped ring dye laser (Spectra
Physics/380A). The photolysis laser beam (7 mm in
diameter) was combined with the probe laser beam (3 mm in
diamet%r) before entering the photolysis cell using a UV-
reflecting and visible-transmitting mirror (M1 in Figure
II-2). Both UV and visible lasers were then colinearly
directed through the photolysis cell. A portion of the
visible laser output was split off with a beam splitter

(transmittance =~ 70%) prior to combining with the

photolysis laser to provide a reference beam. The
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Figure II-2. The experimental set-up for visible laser

monitoring of HCO decay.
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intensities of the two beams were balanced with a

polarizer placed in the reference beam.

Photodiodes (RCA/C30810) with large sensitive area
and fast response time were used for detecting both the
probe and.ﬁhe reference beams. The difference between the
prbbe siénal and the reference signal was amplifiéd, and
then digitized (Tektrbnix/7912AD) with a 20 MHz low pass
filter at the input. The data were stored and analyzed

with a personal .computer (Fountain/XT).

The advantage ofvusing the subtraction scheme in the
visible detection and the detailed features of the
appafatus have been discussed in References 9 and 16. The
diodes used in this experiment are different from the ones
‘(EG&G/SGD100A) previously described. The sensitive area

2

of the RCA diodes is 100 mm“ (11.4 mm in diameter) rather

than 5.1 mm® of the SGD100A. The rise time of the RCA
diode is 12 ns while that of SGD100A is 5 ns. Although
the detection time constant was limited by'the_photodiode
rise time, it was not a problem because the decay rate of
HCO due to the reéction with NO, was on the order of a
microsecond. Sihce the photodiode used in this experiment
has such a big senéitive area, deflection of the probe

beam by shock waves has been eliminated. As a result,

larger UV laser flux can be used to photolyze the
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precursor, and a better signél-to-noise ratio was obtained

with fewer photolysis shots. The detection limit (S/N =

12 nolec en™? for a single

photolysis shot; previously the limit was 2 X 1011 molec

1) for HCO radical is 1.5 X 10

cm 3 averaging over 512 shots.9 Under the experimental

conditions, without the presence of NO., the recombination

2
. C.aA—11 3 -1
reaction HCO + HCO - Hzco (k = 3.0 X 10 cm”™ molec
sec-l)11 was mainly responsible for the loss of HCO. The

quoted detection sensitivity was obtained with the decay
of HCO due to the recombination reaction less than 2%, 5
us after the photolysis pulse and a detection time

constant of 50 ns.

2.2 Infrared Difference Fredquency laser Detection of

Reaction Products

The experimental apparatus used for detecting the

reaction products is illustrated in Figure II-3. CH,,CHO

and NO2 were continuously flowed through the photolysis
cell. The same photolysis cell (with infrasil windows)
and photolysis laser were used as described in Section
2.1. The probe laser was an IR differencé frequency laser
system, which has been described in detail before,lo’,l2
and some improvements made in the system during the last

few years are discussed in Appendix I. The same Ar'
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Figure II-3. Schematic diagram of the experimental
apparatus for the detection of the reaction

products.
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laser pumped ring dye laser as described in the previous
section was used, and the single frequency Ar+ laser
(Lexel/94-5) was operated either at 514.5 nm or 488 nm
depending on the absorption frequency of the species being

studied.

‘The photolysis laser beam (7 mm in diameter) and the
probe laser beam were colinearly directed down the
photolysis cell by using a UV-reflecting and IR-
transmitting dichroic mirror. The IR laser beam was
focused at the center of the cell; the beam diameter at
each end of the cell was less than 5 mm. Special
attention was paid to ensure that the probe laser is
overlappéd with the ceﬁter‘pért of'fhe photolysis beém '
over the entire léngth of the photolysis cell. This is
especially important in guantitatively measuring the

yields of reaction products.

The uniformity of the UV laser beam was tested by
measuring the power of the laser beambgoing through the
center of a 1 mm diameter aperture while moving the
aperture over the cross section of the laser beam. The
aperture was mounted on a X-Y stage. Over the whole area
of the UV beam, the measured laser power was constant
within 90%. Unstable resonator optics were used in the

excimer laser cavity and the output was used without
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further focusing. The divergence of the UV laser beam was

less than 5% over the whole length of the photolysis cell.

Both UV photolysié and IR probe laser power were
monitored during the experiments. A small portion of the
UV beam split with a piece of quartz plate prior to
entering the photolysis cell was directed onto a
pyroelectric detector (Molectron/J3-09).f6r UV power
normalizatioh. The signal was then integrated with a
boxcar integrator. The IR beam was split with an IR beam
splitter before it was combined with the photolysis beamn.
An InSb detector (Santa Barbara/E292) and a lock-in
amplifier were used for signal detection and processing.
The fluctuation éf each laser béam was less than 15%hof
its total power during the course of the experiments. The
absolute UV power was measured with a calibrated UV power

meter (Scientech/38-0105).

Two InSb detectors were used in this experiment.
One (Santa Barbara/E292) has fast time response (20 ns)
but small sensitive area (0.25 cm in diameter). The other
(Infrared Associates/H-313-IS) has large sensitive area
(0.8 cm in diameter) but relatively slow response time
(abbut 1 us). The quantitative yield of CO2 was measured
with the Infrared Associates detector (borrowed from

Saykally's group) in order to eliminate the shock wave
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problem. The signal was amplified, and then either
digitized (Tektronics/7912AD) or integrated with a boxcar
integrator (PAR/164/162).13 The data were stored and
analyzed with a personal computer (Fountain/XT). The
detection limit (S/N = 1) for measuring CO2 is 3.3 X
1013 (n) "2 polec em”? (N = number of photolysis shots)
when the R(18) line of the (1,0,1) « (0,0,0) band was

monitored, which corresponds to a fractional absorption of

2.3 Sample Preparation and Handling

Acetaldehyde (Mallinckrodt, min 99%) was purified by
several freeze-pump-thaw cycles and kept at 0 °C. NO2
(Matheson, min 99.5%) was fractionally distilled from -29
°C (o-Xylene/liquid nitrogen slush) to =78 °C (dry
ice/ethanol bath) and was stored at liquid nitrogen
temperature. NO (Matheson,99%) was distilled throﬁgh a
dry ice/ethanol trap. SF6 (Matheson, 99.99%) and-C02
(Matheson,99.998%) were.used without further purification.

The flow rates of CH3CHO and NO2 through the
photolysis cell were monitored with calibrated flow meters
(Hasting/LF-100 and ALL-5). The calibration was done by

measuring the amount of time it takes for a certain



109
pressure increase in a known volume. Table I depicts the
calibration of the Hasting/LF-100 floﬁ meter used to
measure the flow rate of CH3CHO ahd that bf the
Hasting/ALL~5 flow meter used to measure the flow rate of

NO The flow rates were typically 8.5 sccm* for CH3CHO )

20

and 0.5 sccm for NO and at 6 torr it takes = 40 sec to

2[
replace the gas in the photolysis cell.

The gas pressure in the photolysis cell was measured
with Baratron pressure gauges. MKS/jleHS-l, -10, and -
1000 were used for 0-1 torr, 1-10 torr, and over 10 torr
total pressure measurements. Since the gas flow rates
were relatively slow, there was no noticeable pfessure

gradient along the photolysis cell.

2.4 Photolysis of CH3CHO and NO2 at 308 nm

CH3CHO absorbs from 350 to 235 nm UV light
_ N o
continucusly14, corresponding to the m +« n transition.
There are some observable vibronic features between 290 nm

and the long wavelength end of the absorption spectrum.

* sccm = standard cubic centimeter per minute
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Table II-1. Flow meter calibrations

-

Hasting/LF-100 Hasting/ALL-5 -
(CH4HCO) (NO,)

Flow Meter Calibrated Flow Meter Calibrated

Reading Flow Rate Reading Flow Rate
(sccm) * (sccm)
. 7.5 3.68 0.31 0.202
13.5 6.77 0.50 ' 0.339
15.8 7.72 0.63 0.410
18.0 , ' " 8.79 0.80 0.517
20.0 9.38 1.42 0.982
22.0 10.29 1.97 1.317
24.5 11.72 2.45 1.664
3.46 2.175

30.7 "15.76

* scmm = standard cubic centimeter per minute



The absorption coefficient of CH,CHO has been measured in
this experiment in order to obtain the quantitative yield
of HCO radical from the 308 nm UV photolysis. Figure II-4
depicts the measured absorbance (A = -ln(I/Io)) of CHjCHO
versus its pressure between 1.174 to 9.425 torr. The
slope of the linear least-squares fit is 0.167 t+ 0.003
torr-l. The length of the photolysis cell was 156 cn.
Therefore the absorption coefficient of CH3CHO at 308 nm
is (1.07 * 0.02) X 102 torr ! cm~l. The photolysis laser
under the normal experimental conditions was the light
source.

In order to take the NO, absorption into account,

2
its absorption coefficient at 308 nm was also measured.

Figure II-5 shows the absorbance of NO2 versus its

pressure between 0.338 to 2.092 torr. The absorption

3 1 -1

coefficient of NO, is (5.41 + 0.14) X 10 ~ torr — cm .

2

Typically the total pressure of CH3CHO and NO2 in
the photolysis cell was around 6 torr with the ratio of
CH,CHO to NO

3 2
photolysis laser was about 15 mJ/cm2 per pulse. Each data

greater than 10 to 1. The flux of the UV

trace was an average over 5 to 10 photolysis shots. The

total quantum yield for photodissociation of CH,CHO and

No2 at 308 nm are 0.92515 and 0.9716. Less than 0.1% of

the total CH3CHO and 1% of the total NO2 molecules in the

111



Figure II-4.

112

Aborbance of CH3CH0 (A = —ln(I/IO)) versus

pressure measured with 308 nm excimer

laser. The solid line is the linear least-
squares fit. The resulting slope is 0.167 %
0.003 torr . o
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Figure II-5.

114

PAd

Absorbance of NO2 (A = —ln(I/IO)) versus

pressure measured with 308 nm excimer laser.

The solid is the linear least-squares fit

which gives the slope of 0.844 t 0.022

torr 1.
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beam path volume were photolyzed during the signal
averaging (10 shots).

~

The branching ratio for photodissociation of CH,CHO

17,18

has been studied by Horowitz and Calvert.- The .

quantum yields for the following three channels.

CH,CHO » CH, + HCO (I)
> CH, + CO (II)
> CH,CO + H (III)

at 300 nm and 313 nm are 0.903, 0.010, 0.053, and 0.837,

0.016, 0.04s6, respectively*. The interpolated values of

* According to Horowitz and Calvert's experimental
17’18, the quantum yields for (I), (II), and
(III) processes are pressure dependent. At 300 nm,

results

their mathematical fits to the experimental measurements
of quantum yields for the above three processes are:

- % % -
1/¢; = 1.075 + 5.17 x 10 3 P(CH,CHO) = + 2.87 x 10 3 v
P(CO,) + 2.17 x 1073 P(0, or N,)
1/¢yp = 94 + 0.54 P(CH,CHO) + 0.30 P(CO,) + 0.23 P(O, -

or N2) ‘
l/¢III = 17.0 + 0.308 P(CH3CHO) + 0.137 P(Coz) + 0.13
P(O2 or Nz)

At 308 nm, the results are: (see next page)



the branching ratio at 308 nm are 0.862, 0.014, 0.049.

The density of HCO produced by the photolysis thus can be

calculated. It is typically on the order of 1014

molec/cm3 per pulse.

2 2

1/¢I = 1.082 + 1.84 x 10 P(CH,CHO) + 1.03 X 10~ P(CO,)
+ 0.79 x 102 P(0, or N,)
1/¢p = 55 + 1.15 P(CH,CHO) + 0.64 P(CO,) + 0.49 P(O, or
N,) . '
1/¢;7r = 18.3 + 0.493 P(CH,CHO) + 9.59 x 10~
+ 0.71 P(CO,) + 0.54 P(O, or N,)

3 P(CH3CHO)2

The quantum yields at 300 nm and 313 nm are calculated
here for P(CH,CHO) = 6.000 torr and P(NO,) = 0.300 torr,
assuming the efficiency of collisional quenching of the
excited precursors by NO2 is the same as by co, .

** P = pressure in torr at 25 °C.

117
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3. Results

o

3.1 Reaction Rate Constant

HCO was monitored through the le(lo) line of the
=1 19

(0,9,0) « (0,0,0) band (A%A" « %°A') at 16,262.25 cm L.
The bottom trace (dotted plot) in Figure II-6 shows the
rise of the HCO absorption following the UV photolysis and

its decay as the reaction of HCO + NO proceeds. The

2
energy threshold for HCO (0,0,0) formation from the
photodissociation of CH,CHO is 320 nm (89.3 kcal mol~
1, 20 o

) .

- photolyzing CH3CHO at 308 nm is energetically possible.

The formation of vibrationally excited HCO from

With more than 5 torr of CH3CH0, the time for the
relaxation of vibrationally hot HCO should be shorter than
0.35 us;21 it would be observed as a delay in the rise of
the trace in Figure II-6(a). The rise of HCO was much
faster than its removal by the HCO + NO2 reaction under
the present experimental conditions, as seen by comparing
the traces in Figure II-6. The loss of HCO due td
diffusion or reactions in the absence of NO,, is shown in

the top trace of Figure II-6; This loss is less than 2% in -

5 us.

The decay of HCO was least-squares fitted with a



Figure II-6.

Absorption of HCO following the photolysis
pulse with (the top trace) and without (the

bottom trace) the presence of NO The

¢
probe laser was set at 16262.25 cm—1 which
corresponds to the le(lo) line in the
(0,9,0) « (0,0,0) band (A%A" « X°A') of HCO
absorption. 'The signals were averaged over
5 photolysis shots. P(CH,CHO) = 6.000 torr
for both top and bottom traces. P(Noé) -
0.330 torr for the bottom trace. UV laser
power =~ 15 mJ-cm 2 per pulse. The solid

line in the bottom trace is the single

exponential fit.

119



120

| m 1 | { J
¢ ‘.
| 3 |
| w L = do
\M 1
M \_
|} 1 4w ‘n
2
Q
E
i 1 —
1<
M
{
- ] N
i W
[ { 1 ) @)

uoijdiosqy aAl4D|aY



single exponential function. Since the absorption of HCO
produced by a single photolysis shot was less than 5%,
the measured absorption signal (I0 - I) was considered to
be proportional to the absorbance. The solid line in
Figure II-6(b) is the single exponential fit. The
resulting pseudo~-first-order reaction rates versus NO2
pressure are plotted in Figure II-7. The slope derived

from the linear least-squares fit (the solid line in

11 1

Figure II-7) gives (5.7 % 0.4) X 10~ 11 cm’ moleq_l-sec—
for the rate constant of the HCO + NO2 reaction at 296 K.
The quoted error is 2 o¢. Considering the possible
systematic errors resulting from the gas pressure and the
flow rate measurements, and the decrease of No2
concentfation due'té uv photolysié énd the side reactioﬁs
(see Section 3.3.2 (3)) the overall estimated error for
the reaction rate determination is +15%, which means that

11

the rate constant is (5.7 + 0.9) X 10 11 cm® molec™l-sec”

1. This measured value of the rate constant is in
excellent agreement with the recent published reaction
rate measurement by Timonen et al.5. Timonen et al. also
uséd CH3CHO as the precursor and 308 nm excimer laser
photolysis. Their total pressure was typically less than

121

1 torr with 0.05% of CH3CHO, 0 - 0.35% of NO and >99% of

2’
He. Their reported reaction rate constant-is (5.6 t 1.1)

11 1

x 10”1 cm?® molec™l.sec”l.



Figure II-7.

122

PN

The pseudo-first-order reaction rate vs. NO2

pressure. The slope of the linear least-
square fit gives the rate constant of
5.70 X 10" cn™3 molec™t-sec”! for the

reaction of HCO + NO2 at 296 K.
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3.2 Pressure Dependence of the Rate Constant

SF6 was used as a buffer gas in an attempt to
collisionally stabilize HCONO,, or HCOONO intermediates.
SF, does not absorb 308 nm UV or 16,265.25 em~ ! visible
light. CH,CHO, NO,, and SF, gases were premixed in a
large bulb and then transferred through the vacuum line to
the photolysis cell. The vacuum lihe and the photolysis
cell were passivated with the gas mixture in order to
avoid loss of NO2 from the static gas mixture due to wall
absorption. Fresh gas mixture was used for each data
trace. The decay rate of HCO was measured at various SF6
pressures at 296 K, Figure II-8. Since the HCO resonance
ébsorption decreased due to pressure broadeﬁing when SF6
was added, up to 18 torr of CH3CHO was used in order to
increase the HCO absorption signal. The measured rate
constant is about 5% larger than reported above sinée at
this high concentration some of the HCO was destroyed by
the recombination reaction of HCO + HCO - H2C0 + CO (see
Section 2.1). The observed rate conétént is independent

of total pressure from 6 torr up to 700 torr. The

estimated error for each measurement is less than *+20%.

s



fet 3

Figure II-8.

The plot of the reaction rate constant
without cbrrecting for the HCO recombination

effect (see text) versus SF6 buffer gas

pressure.
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2

3.3 Reaction Products

3.3.1 HNO Detection

The most exothermic product chanhel”possible for the
HCO + NO, reaction is HNO + Co, (AH = 87.2 kcal mol'l'zz) .
The high resolution N-H stretching spectrum23 providing
accurate line positions for monitoring the HNO
concentration.. Observation of HNO as a reaction product

was attempted using the IR flash kinetic spectrometer.

‘However, no HNO absorption was observed when the probe

laser was scanned through the frequency region where HNO

absorbs.

In order to determine the system sensitivity for
detecting the transient HNO species, the absorption signal
of HNO as a product of the HCO + NO reaction was used as a
reference. It has been established that the only product

24 Traces (a)

channel for HCO + NO reaction is HNO + CO.
and (b) in Figure II-9 depict the absorption signals of
HNO obtained under the same experimental conditions for

the HCO + NO and the HCO + NO, reactions, respectively.

2
The delay and the gate settings of the boxcar were 5 us
and 50 us, respectively. The frequency at the line center

is 2665.88 cm ! corresponding to the pQ1(6) line in the



Figure II-9.
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»n

HNO was monitored for both HCO + NO and

HCO + NO, reactions at 2665.884 cm™! which
is the pgl(s) line of the (1,0,0) « (0,0,0)
band of HNO absorption. HNO + CO is known
to be the only product channel for the

HCO + NO reaction (trace (a))17. No HNO
signal was observed for the reaction between
HCO and NO2 (trace (b)). ' The boxcar had a
50 us gate, and 10 us input time constant. .

The delay of the gate relative to the

photolysis pulse was 5 us.
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(1,0,0) « (0,0,0) HNO absorption band. HNO was observed
as a product in the reaction of HCO + NO, but not in that
of HCO + Noz‘ A conservative estimate based on the
signal-to-noise ratio of the measurement shows that less

than 10% of the HCO yields HNO.

There is a possibility that HNO produced from the
HCO + NO,, reaction was removed by the secondary reaction
of HNO + Noz' However, the reaction between HNO and NO2

is expected to be slower than the HCO + NO reaction. No

2

HNO was observed as a product of the HCO + NO2 reaction in

this experiment with the delay of the boxcar gate relative

to the photolysis pulse varied from 2 to 10 us.

3.3.2 CO2 Detection

As shown in the potential energy diagram of Figure
1, CO2 can be a product of the reaction between HCO and

No2 via the unstable intermediate HCOZ. The barrier

preventing the dissociation of HCO, to form H and CO2 is

2

only about 1.5 kcal/mole.7 HCO2 should not be stable

under the current experimental conditions. The
exothermicity of the H + co2 + NO product channel is 37.3
kcal-mol—l.22 Figure II-10 shows the appearance of Co2 in

the system monitored through the R(18) line of the (1,0,1)

>



Figure II-10.

The appearance of CO2 was monitored through
the R(18) line in the (1,0,1) « (0,0,0)
vibration band at 3728.41 cm™ 1. The
signal was averaged over 5 photolysis
shots. P(CH;CHO) = 6.049 torr.. P(NO,) =
0.281 torr. UV laser péwer = 14.6 mJ cm 2

per pulse.
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« (0,0,0) combination band at 3728.41 cm 1.%° The co,

yield was quantitativefy determined by calibrating the
transient CO2 absorption against the absorption of pure

C02.

(1) . Calibration of the Transient CO2 Absorption

The CO2 produced when the mixture of CH3CHO and NO2
was photolyzéd with the 308 nm excimer could accumulate in
the photolysis cell since the flow rate was slow. As a
result the IR laser power would be attenuated due to the
absorption of‘the accumulated CO

2
were used. In order to avoid this problem, the transient

if many photolysis shots

absorption of €O, was measured using the transient
digitizer instead of using the kinetic spéctroscopy method
described for the HNd absorption. The result was then
calibrated with the measured cw absorption coefficient of

co The accuracy in setting the IR laser frequency on

2.
the peak of the CO2 absorption line is obviously very
important in this measurement. A test on that was carried
out and is described below.

Figure II-11 shows the cw absorbance of CO, vs. CO2

2

pressures measured by two methods. In the first method,

with the IR laser beam being chopped (block and unblocked)

133



Figure II-11.

(3.64 £ 0.16) X 10~

Peak absorbance of CO2 versus CO2 pressure

(see section 3.3.2. (1).).

YV - measured with the transient digitizer.
V - measured with the lock-in amplifier.
The solid and the dashed lines are the

linear least-squares fits. The resulting‘

2

slopes are (3.89 * 0.10) X 10 ¢ and

2 torr %, respectively.

134
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using an electrical chopper (mechanical), the transient
digitizer was used to record the signal of IR
transmittance through the photolysis cell with a known

pressure of CO The IR laser was either tuned off the

5
CO2 absorption line for measuring the total amplitude of
IR laser power or tuned to the peak of the 002 line for

measuring the amplitude of the transmittance at the

resonance absorption of COZ' The absorbance of 002 then

was calculated. In the second method, the IR laser was

tuned through the frequency range of CO. absorption line

2
and a lock-in amplifier was used to record the spectrum
and the peak absorbance determined. The solid and dashed
lines in Figure II-11 are the linear least-squares<fits to
‘the résults of the tﬁo éeté of the meaéuremeﬁts. The |
difference between the derived slopes is 2.6 torr * which
is 6.8% of the average ﬁalue of 37.6 + 1.0 torr—l. The
quoted error is the 20 value. The measured absorbance in
terms of the integrated line strength is 6% lower than the

26

published literature value. It is concluded that the

error of the CO2 absorbtion measurement resulting from the
uncertainty of setting the IR laser at the peak resonance

absorption frequency of CO. is less than 10%.

2

It was noticed that the absorption line width of co,

was broadened by CH3CHO and NOZ' The measured absorption

coefficients of CO2 without and with CH3CHO and NO2 are

-b
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shown in Figure II-12. With 0.350 torr of No,, and 6.000
torr of CH3CHO, and CO2 pressures from 11.5 to 53.2 ntorr,

the measured CO

2
torr ! cm™l. The absorption coefficient of pure CO, with

no pressure broadening is 0.241 torr T cm l.

absorption coefficient is 0.187 * 0.005

The absorption of CO, summed over 5 photolysis

2
pulses, shown in Figure II-10, is 1154 counts*, which is
the average of all the data points from éo to 120 us after
the photolysis shot. Thus the absorption for each laser
pulse is 230.8 counts. The total IR power was 2600
counts. The IR power norﬁalization factors were 2.638 and
2.652 respectively (see Section 2.2). The absorbance (-
ln(I/io)) was then calcﬁlated to be'0.0935. Therefore,
the column density of CO

was 1.62 X 101° cm™2.

5 formed for each photolysis shot

(2). Calculation of the CO

5 Ylelq

There are reactions in the system other than HCO +

NO2 which can lead to the production of Coz. The complete

* The number of counts is linearly proportional to the

absorption signal amplitude.



Figure II-12.

138

Peak absorbance of CO, versus its pressure

2

measured with and without pressure
broadening using the transient digitizer.
Y - with 6.000 torr of CH3HCO and 0.350

torr of NOZ‘

V - only co2.
The 51opeé of the linear least-squares fits

(the solid and the dashed lines) are

(3.01 + 0.16) X 10 2

1072 torr™! respectively.

and (3.89 + 0.10) X



139

0S

oy

(410jw) ainssald

0o¢ 0¢

eoueqlosqy



140

. ., %
reaction scheme is

CH,CHO + hv -~ HCO + CH, (I)
+ CH, + CO (IT)
» H + CH,CO (III)
-11
HCO + NO, + H + CO, + NO (la) k, = 5.70 X 10
-+ HONO + CO (1b)
.~ HNO + co, (1c)
-10
H + NO, + OH + NO (2) k, = 1.25 X 10 [27]
H + CH,CHO - H, + CH;CO (2') kyy = 9.80 X 10'14[28]
OH + CH,CHO + CH,CO + H,0 (3)  k, = 1.60 X 10 % [29]
. M B 1 .
CH,CO + NO, » CO, + CH, + NO (4) k, = 2.5 X 10 [30]
NO, + hv » NO + O ‘
O + CH,CHO » OH + CH,CO (5) kg = 4.82 X 10713 (313
O + NOo, - NO + O, (6) kg = 9.50 X 10712 (32
CH, + NO, - CH,O + NO (7a) k. = 2.51 X 10 +1[33)
3 2 3 7a . _
%* % _ =28
CHy + NO, + M = CH,NO, + M (7b) "k, = 9.87 X 10 34]
» CH,ONO + M (7¢c) k. /k,, = 2.17 [35]

* Units of the rate constants(k): cm3 molec_l sec

** The unit of k. is: cm® molec™ sec™d; M = Ar.

-1
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5.61 X 10°1% [36]

3.18 X 102  [37]

CH3 + CH3CHO -+ CH4 + CH3CO (8) k

CH;0 + NO, = CH,ONO, (9) k

According to the mechanism described above, CH,CO and H

radicals formed from the photodissociation of CH,CHO, and

O atom from Noz, eventually all lead to CO., production via

2
reaction (4). Since the concentration ratio of CH_,CHO and

3

No,, is greater than 10:1, reaction (2) is about 100 times
faster than reaction (2'). Thus only reaction (2) is
considered to be responsible for the removal of H atoms.
On the other hand the removal rates of O atoms by
reactions (5) and (6) are comparable under the
experimental conditions. The fraction of O atoms removed
through reaction.(S) was calculated as
kg* [CH,CHO]/ (kg- [CH,CHO] + k- [NO,]).

When the UV photon flux was 2.26 X 101%® cm™ (14.6

mJ cm-z), and CH,CHO and NO2 pressures were 6.049 and

3
0.281 torr, the column densities of HCO, H, and O radicals
formed from UV photolysis were 1.13 X 1016, 0.0642 X 1016,
and 0.297 X 10® ecm™2. The column density of CH,CO

generated by photolysis was the same as that of H atom

3CO radical produced

one CO,, each HCO reacted with No, via reaction (la) -

(reaction (III)). While each H and CH

The column density of CO, produced due

2° 2
to reaction (5) was 0.310 X 10°® cm™2. The total column

produced two CO
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density of co, measured in the experiment was 1.62 X 10%©

cm-z. After correcting‘for the CO, production from

2

reactions initiated by CH,CO, H and O radicals, it is

3

concluded that 52.5% of HCO which reacts with NO2 formed

C02.

Five sets of experimental data using various CH,CHO

and NO2 pressures give the result that 52% of the HCO +

NO2 reaction goes to the H + CO2

Considering the upper limit of 10% for CO

+ NO product channel.

5 production from

the HNO + CO2 channel, the HCO + NO2 - H + CO2 + NO

channel is responsible for 45% to 52% of the reaction.

(3). Error Estimation

The errors arising from the measurements involved in
this experiment all made contributions to the uncertainty
in the determination of co, yield. The estimated error of

each measurement is given below:

(1) gas pressure, 1%; gas flow, 3% each:

(2) UV absorption coefficients of CH3CHO and N02,

(3) UV and IR laser power normalization, 5 % each;

3% each;

(4) absolute UV power, 10%;

(5) cw absorption coefficient of CO 10%;

2/
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(6) transient CO, absorption intensity, 5%

2

The estimated error considering contributions from the

uncertainties listed above is less than 15% of the 002

yield obtained. Since the calculation for the final

yield of CO, is also directly related to the quantum

2

yields of the photodissociation processes of CH3CHO at 308

nm, and rate constants of reaction (5) and (6), the

overall uncertainty in determining the CO, yield is larger

2
than 15%. The quoted errors of the rate constant

30

measurements for reactions (5) and (6) are t14% and

i12%31. Assuming the error of the quantum yield

measurements for the photodissociation of CH3CHO at 308 nm

is +10%, then the total co,

+ No2 should be 0.52 * 0.14.

(4). Detection of Vibrationally Excited co,,

It has been noticed that the rise of the (0,0,0)

state CO2 is slower than the reaction rate. Some CO2 in

the (0,1,0) state has been observed by monitoring the

R(16) line in the (1,1,1) « (0,1,0) hot band at 3735.63

cm™ 1,25 Strong infrared emission has also been observed

when H,CO and NO,, were photolyzed at 308 nm. The emission

signal was weaker when CH3CHO was used as the HCO

143
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precursor, most likely due to the energy transfer between
co, and CH,CHO being more efficient than that between co,
and H,CO. The emission signal was identified to be from

vibrationally excited CO, by using narrow band IR filters

2

and by using room temperature CO, as collision buffer gas.

2
~About 70% of the observed emission was from the CO, whose
asymmetric stretching mode was excited. The other about
30% of the emission signal was at higher frequency (>2450
em™ ). It is possible that the excited HONO (O-H
stretchihg mode) was responsible for that. The emission
signal gradually disappeared when 1 to 10 torr of room

temperature CO2 were added.

3.3.3 CO and HONO Detection

An attempt was made to measure transient CO as a
reaction product by monitoring its absorption at 4285.009
cm—l, corresponding to the R(6) line in the 2-0 overtone
pand. 38 This experiment failed due to limited detection
sensitivity. At room temperature, the absorption strength
of CO at 4285.009 cm Y, which corresponds to one of the
strongest absorption lines of CO in the 2-0 band, is about

17 times weaker than that of co, at 3728.41 cm~1,26,39

HONO is relatively unstable at room temperature, but



it can be generated in a mixture of NO, N02, and HZO

through the reaction NO + NO, + H,0 = 2HONO, with the

equilibrium constant K = 1.36 atm ~.%° HONO has two
isomeric forms, cis and trans. HONO exists 33.5% in the

cis form and 66.5% in the trans form at 296 K.l The high

resolution absorption spectrum of the 0-H stretching in

2

HONO has been recorded.4 Small portions of the Q branch

absorption spectrum of the O-H stretching in trans-HONO
were measured in the present work, as shown in Figure II-

13. All together 10 torr of NO, 0.5 torr of NO and 0.3

2’

torr of HZO were added into the photolysis cell to produce

HONO through the equilibrium reaction. Transient HONO

2
setting the probe laser at a HONO resonance absorption

produced by the reaction of HCO + NO

frequency. In Figure II-14, the transient absorption HONO

was first averaged over 80 photolysis shots with the IR

laser tuned at 3590.41 cm_l, then a total of 80 shots were

subtracted from the trace with the IR laser tuned off the
1

resonance to 3590.20 cm —, in order to eliminate the shock

wave signal.

Since the signal-to-noise ratio is relatively low
for detecting transient HONO absorption as shown in Figure
IT-14, it is quite difficult to measure the yield of HONO
quantitatively. Moreover unlike the case of HNO

detection, here it is not obvious that a good reference

145

was then measured by



Figure II-13.

HONO cw absorption spectrum recorded with
the IR difference frequency laser system.
HONO was generated through the reaction

NO + NO2 + Hzo = 2HONO, with 10 torr of

NO, 0.5 torr of NO and 0.3 torr of H20°

2!
Thekpéak at 3590.41 cmfl corresponds to 57%

absorption of the total IR light.-
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Figure II-14.

HONO produced by the reaction of HCO + NO,,
was monitored at 3590.41 cm L. The signal
was averaged over 80 photolysis shots with
P(CH,CHO) = 6.200 torr, and P(NO,) =

0.285 torr.
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system can be easily chosen. Although the absorption of
HONO produced by the equilibrium reaction NO + NO, + HZO =
2HONO can be used as a reference for the HONO transient
absorption calibration, extrapolation of the absorption
intensity to eliminate pressure broadening is necessary.
Since NO2 and especially H20 adsorb strongly to the cell
wall at room temperature, it is difficult to measure the
pressure of NO2 and of Hzo in the cell, therefore the
concentration of HONO cannot be acéurately determined. No
atfempt has been made to measure the HONO yield from the

reaction of HCO + NO, quantitatively.

2

LXN
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4. Discussion

Timonen et al.5 have shown that'the reaction rate

constant for the HCO + NO_, reaction is inversely related

2
to the temperature. The negative apparent activation
energy indicates ﬁhat complex formation is the first step
in this reaction, although the measurement of the pressure
dependence of the rate constant up to 700 torr does not
provide evidehce for the stabilization of the complex.
Complex formation rather than direct.hYdrogen abstraction
has been established as the mechanism of the reaction
between HCO and No.%% 1t is indicated in Figure II-1 that

the H + CO2 + NO product channel is'only correlated with

151

the HCOONO complex. On the other hand, HONO can be formed

via both HCOONO and HCONO, complexes. If HCOONO is

2
formed, it is more likely to dissociate into H +‘CO2 + NO
than to form HONO + CO, since the former dissociation
process has a much lower exit barrier than the latter.
Therefore, it is possible that only reaction via the
HCONO2 complex leads to HONO formation. In any case, the
dissociation of HCOONO to form H + C62'+ NO should be much
faster than other processes because of the low exit
barrier. Consequently the debendence of the decay rate of
HCO on buffer gas pressure should be small since the

reaction complex has a very short life time. The

mechanism for formation and collisional stabilization of



reaction intermediates has been discussed in detail in

Reference 24,

The exothermicities for the H + CO, + NO and the
HONO + CO channels are 37.3 and 62.4 kcal-mole ~,

2

respectively.2 These excess energies should be

partitioned among the vibrational, rotational, and
translational degrees of freedom of the products in each

channel. The observation of CO, in the (0,1,0) state and

2
- that of CO2 IR emission indicate that some of the CO2

produced in the reaction are vibrationally excited.

However, it is possible that some of these excited co,

molecules are from the reaction between CH3CO and NOZ’

The rise of the ground state HONO is not single

30

exponential indicating that the initial HONO produced in

the reaction is also vibrationally excited.

The dissociation energy of HONO to form OH + NO is
49.9 kcal mole 1.%2 There is a 12.5 kcal mole 1t
exothermicity for the OH + NO + CO product channel, which
corresponds to 20% of the total amount of energy released
when HONO and CO are formed. However, the amount of
energy distributed among the CO vibrational and

rotational, and the translational degree of freedom is

expected to be larger than 12.5 kcal mole-l, preventing

significant dissociation of HONO to form OH + NO. This is
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supported by the direct observation of HONO as a reaction
product in this experiment. Unless the internal energy of
HONO is less than or very close to its dissociation
threshold, the dissociation rate of HONO to form OH + NO
should be too fast to allow the transient absorption of
HONO to be observed. Moreover, the fiée of the ground
state HONO is comparable to the reaction rate, indicating

that HONO produced by the HCO + No,, reaction was not

highly vibrationally excited, although it does not fit to
a single exponential function well. However, since the
HONO yield from the reaction was not quantitatively
measured, it is still possible that some of the HONO
molecules dissociated to form OH + NO, which in turn will

affect the CO yield measurement. The OH + NO + CO

2
product channel may become‘significantly accessible for

the reaction between HCO and NO., at high temperéture as in

2

combustion processes.

Several groups have studied the thermal reaction of

H,CO and NO, in the temperature range of 118-203 .. 43746

2
Since the primary products of this reaction were proposed

to be HCO and HONO,47 the reaction between HCO and N02 was

also investigated as a secondary reaction in some of those

45,46,48

studies. The most recent work was carried out by

6

M.C. Lin et al..? By modeling the concentration-time

profiles of H2CO, co, C02, and NO as the reactant and
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products of the related reactions, recorded using FTIR,
they derived the rate constants for forming HONO + CO and

H + CO2 + NO products from the HCO + NO2 reaction; they
11 11 1

e
are 2.8 X 10 " and 1.4 X 10 '! cm® mole™! sec”™! between

393 to 476 K, respectively. Lin et al.'s result in terms -
of co,, quantum yield is 33% - compared to 52% reported in

this work. The two studies were carried out at

significantly different temperatures; nonetheless, the

results are in agreement within the experimental errors.

9

It has been reported by Caivert et al.4 that at least

some of the HCO produced by the reaction of H2CO + OH is
vibrationally excited and dissociates spontaneously to
form H + CO. This reaction (HCOt + H + CO) was not
:considered in-ﬁhe reaction mechanisﬁ uéed by Lin and
coworkers in their kinetic modelihg. Depending on the
extent of this dissociation process occurs, it may change
the rate constants corresponding to HONO + CO and H + CO2

+ NO channels resulting from the kinetic modeling reported

by Lin and coworkers.
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Appendix

Upgrading the Difference Frequency Laser Spectrometer

The IR difference frequency laser system used in
this work has been described in detail in Reference 10.
Some modifications made on the system in the last few

years are discussed in the following three sections.

(1). Reconstruction of the Temperature-Phase-Matching

oven o

The oven used forAtemperatufé phase matching in the
difference frequency laser set-up consists of an oven core
placed inside of a stainless steel jacket, a heating
system, and an electronic controller. It was originally
built by Chromatix Co. which does not exist any more. The
oven core was made of two pieces of nickel-coated copper
which were brazed together. Copper has high heat
conductivity; nickel is relatively inert. Two pieces of
heating wire, one for main heating, the other for gradient
heating, were wound around the core. Two thermocouples
with the joints buried under the twolpieces of heating
wire were used as temperature sensors. A small piece of

mica was placed between the oven core and each



thermocouple joint to prevent the thermocouple being

shorted out on the oven core.

Since the oven was heated constantly in an oxygen
rich atmosphere to as high as 450 °C, the heating wire and
the thermocouples were gradually oxidized. As a result
the temperature‘of the oven could not be well regulated by
the controller. The heating wire was rewound following
the instructions available from people who formerly worked
for Chromatix Co. and the thermocouples were replaced. |
The resistance of the main heater wire and the gradient
heater wire were 2.8 and 6.19 Q per feet, respectively.

In the present version of the oven, Gauge 27 and 30 |
nichrome 80 (Pelicah) heater Wire with double fiberglass
sleeving are used for main and gradient heating,
respectively. Iron/constantan thermocouples (Omega
Engineering, Inc./Type J/AWG-30) were used. Size 22 and
24 fiberglass sleevings made‘for high temperature
application to 1200 °F were bought from Daburn Electrqnics

and Cable Corp.

Each dimension of the cross section of the oven
cavity is about 0.01" larger than that of the crystal.
This allows the crystal to be easily slid in and out of
the oven cavity. However oxidized material gradually

comes out of the thin groove where the two pieces of
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nickel-coated copper are joined together, and can reduce
the cavity size to the extent that the crystal could be
squeezed to crack. Therefore it is important to take the
crystal out and check theAcavity every few months or so.
The oxidized material can be polished off using fine
silicon carbide paper. It is possible to make an oven
core out of a whole piece of metal by broaching or
electrical discharging. Both machine shops at the Physics
Department (UCB) and LBL have electrical discharge

machines.

(2). Present Design and Performance of the IR Difference

Frequency Laser SPectroméﬁer

An upgraded Ar+A1aser (Spectra Physics/2030-18) has
been used to pump the ring dye laser. With 4 W Ar+ laser
pumping, at least 800 mW of dye laser power can be
obtained at the peak of the R6G dye lasing wavelength.
The single frequency Ar+ laser (Lexei/§4-5) can be
operated either at 514.5 or 488 nm depending on the
absorption frequency of the species being studied. The
typical IR power generated was on the order of 10 Ww.
With the crystal presently used, the phase matching

1

temperature for 3730 cm — is 292 °C. The IR light can be

generated over a frequency range of 6 to 9 wavenumbers at
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a fixed oven temperature.

House oxygen was used for providing an oxygen rich
environment for the LiNbO3 crystal. Instead of having
oxygen flow through the metal tube placed between the oven
core and the jacket, an external flowing scheme was
designed which allows the oxygen flow to be checked
easily. Two pieces of thin metal tube were connected to
the teflon tubing conducting oxygen, and then each was
placed at one end of the oven. Some oxygen also flowed
through the heater shields placed one at each end of the

oven.

The frequency range covered by the present
difference frequency system using the LiNbO3 crystal is
about 2,450 to 4,400 cm L. Although most O-H, N~H, and C-
.H stretching fundamental bands fall into this frequency
range, a wider tuning range is definitely useful and
sometimes it is necessary as discussed in both parts of
this work. A new type of crystal, LiIO3-(C1eve1and
Crystals Inc./$2756), can be used as a nonlinear mixing
element to generate IR light from 1,850 to 5,300 cm-l.
However, since the indices of refraction in LiIO3 are
almost temperature independent, the phase matching

condition has to be achieved by angle tuning. Oka's group

has built such a system using Volkov et al.'s work as a

1
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guide.43 They used two crystals in a mirror image

configuration to compensate the "walk off" arising because
of the LiIO3 crystal has to be angle tuned. The total IR
power they got is on the order of lo_times lower than what

they got out of their LiNbO., system.

3

(3). New Data Acquisition System

A Fountain/XT personal computer has been interfaced
to control the temperature of the crystal oven and the dye
laser scanning, and to store the data. The new interface
system (Keithley/Sysfém 500-570) has a standard channel
capacity of 32 singlé—ended or 16 differehtialbanalog
inputs, 2 analog outputs (12-bit), 16 digital outputs, and
16 digital inputs. 1In addition, one 16-bit one-channel
high resolution analog output board was purchased. This
l6-bit analog output (ETALON RAMP) and one of the 12-bit
analog outputs (XTAL RAMP) were used to provide 0 to 10
Volt ramps for scanning the ring dye laser and for tuning
the temperature of the oven. Other detailed information
about the interface system can be found in the manual of

the System 570.

A total of 10 differential analog input channels

have been brought out to the front pannel of the
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difference-frequency-laser interface box. These channels
are labled: BOX1 IN; BOX2 IN; BOX3 IN; ETALON IN; IODINE

IN; REF IN; LASER POWER IN; AUX1l IN; AUX2 IN; AUX3 IN. .
: b
The digital outputs are TTL pulses. The output from the )
BOXCAR TRIGGER was used to trigger the excimer laser after .
the pulse being converted into 15 V (to 50 ) by a

amplifier (DWG 1314).

The softwafe package (Keithley/Soft500) which came
with the interfacing system has a humber of subroutines
which can be used very conveniently. However, since the
subroutines can only be used with Basic programming and»
they are not optimized for any particular task, the
running speed is relatively slow. The version of the
program which can handle 2 digital outputs, 2 analog
outputs, and 4 analog inputs was written in Turbq Basic
(DIFF_SPC.BAS). It can be used to operate the present
data acquisition system with the excimer laser running up
to 20 Hz. For even faster repetition rates, a higher
level computer language is needed. For example, with
Turbo C language, a factor of ten could be gained for the

running speed.44'
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